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Given NASA’s renewed initiative to return to the moon, it 
is imperative to develop a mobility platform which will enable 
a wider range of exploration and science. To this end a wheel 
which can perform in a lunar environment for an extended 
period of time and distance is needed. This paper analyzes and 
evaluates the attempts to develop such a solution and the 
challenges which have arisen. Furthermore, it builds upon an 
analytical basis for the proposed solution and examines further 
applications in vehicular mobility. Specifically, three concepts 
were conceived, analyzed, prototyped, and tested in a senior 
design project class supported by NASA's Jet Propulsion 
Laboratory and Michelin Tire Corporation, then critically 
examined for failure modes. The lessons learned from the 
analysis are currently being applied in the development of third 
and fourth generation prototypes. 
 
MOTIVATION AND BACKGROUND 
This paper presents an analysis and engineering forensic 
study based on three wheels developed at Clemson University 
in an undergraduate senior design project and two subsequent 
wheels developed by an international design team comprised of 
members from Clemson, Michelin Tire Corporation, and NASA 
Jet Propulsion Laboratory. Upon prototyping each of these 
designs, static load and dynamic roll testing were performed 
which resulted in failure for each case under rolling. The goal  
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Useof this paper is to generate as much information with respect to 
these lunar failures as possible and to pass that information on 
to aid in the further development of the next design iteration. 
However, a subsidiary goal is to examine the benefits of the 
solution approach in order to validate the concept and explore 
other possible applications. To accomplish these goals this 
paper will discuss the failure analysis performed on these four 
designs as well as the lessons learned and next steps forward in 
the design process. 
 
The Need for Mobility 
The need for mobility on the moon was first demonstrated 
by the Apollo missions where three Lunar Rover Vehicles 
(LRV) were used to allow the astronauts to extend the range of 
their surface exploration and sample collection activities. One 
such vehicle is illustrated in (Figure 1). The wheels used on the 
LRVs were comprised of zinc coated steel strands attached to 
an aluminum hub with titanium chevrons fixed to the contact 
area to provide traction [2]. Upon inspection, these wheels 
showed extensive wearing at the wire connection points from 
the extremely abrasive lunar soil known as regolith. 
Additionally, though none of the wheels failed while in service, 
they were not designed to last more than 30 km in the harsh 
lunar environment; fatigue in the steel strands and titanium 
chevrons would have quickly resulted in failure for missions 
exceeding the three days of the Apollo missions. These critical 1 Copyright © 2008 by ASME 
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Downfactors indicate that the original LRV wheel was not designed 
with the intent of extended service on the moon and analysis of 
the design further indicates that it is not easily scaleable to meet 
the demands of NASA’s new mission goals, most notably the 
desire for a 10,000 km lifetime. 
 
 
Figure 1:  The Apollo Lunar Roving Vehicle [2] 
 
An enhanced lunar mobility solution, exceeding the 
capabilities of the LRV wheels, has several advantages with 
regards to lunar exploration. One of the foremost advantages is 
the ability to explore a greater number of sites with 
considerable scientific interest using a single mission and 
platform. The desire for wheel with a 10,000 km lifetime stems 
from NASA’s goal to be able to explore the moon from the 
north pole to the south, and numerous sites in between, over the 
course of a single mission. This greatly exceeds the scope of 
any other extra-terrestrial research platform to date. The Apollo 
missions had a range of a few kilometers from the landing site 
and the Mars Exploration Rovers (MER), Spirit and 
Opportunity, have traveled a total of 30 km over the course of 
their three year missions. Many scientists believe that they can 
exhaust the scientific information available in a 2 km area 
within a few days. Therefore, an enhanced mobility solution 
will allow scientists to pursue the areas of greatest interest, 
maximizing the scientific potential. 
 
ATHLETE 
To address these needs, one platform that is being 
considered is the ATHLETE (All-Terrain Hex-Legged Extra-
Terrestrial Explorer), a current NASA lunar mobility platform 
used as the basis of this study. The ATHLETE (Figure 2) 
provides an idealized set of constraints and criteria to work 
towards as it best represents NASA’s current mission goals. It 
consists of a six-limbed structure and is a 1/6
th
 scale prototype 
of the vehicle that could potentially travel to the moon. It has 
the ability to both roll on its six wheels, and step over obstacles  
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ability allows for relaxing wheel constraints based on the 
reduced size of obstacles that must be rolled over. 
 
 
Figure 2:  The ATLETE Rover During Testing [3] 
 
The characteristics of the ATHLETE embody many of the 
design goals which NASA has recently been adopting for its 
overall lunar architecture. These goals include mobility, 
scalability, flexibility, and weight-efficiency. Some of the 
important characteristics of the ATHLETE which work towards 
these goals are [3]: 
 
 the ability to dock with other modules to form a 
mobile and linkable habitat 
 6-DOF legs with automatic load equalization 
 large payload capacity of 450 kg per vehicle 
 the ability to move at 10 km/h and climb vertical steps 
of 70% the maximum stowed height 
 the ability to climb slopes of 50° on rock and 25° on 
soft sand 
 the ability to mate with special purpose devices 
including a releasable grappling hook, refueling 
stations, and excavation implements. 
 
Most notably, the ability to walk is a crucial development, 
which will reduce the wheel requirements by eliminating the 
need to roll over the worst terrain in the environment. This 
enables mass efficiencies sufficient to recover the additional 
mass created by the six legs, and the ability to design wheels 
which generate a low contact pressure across the thin lunar 
regolith. Previous solid wheels, such as those on the MER 
rovers, relied on sinking in deep soil to reach an acceptable 
buoyancy level. This deep, soft soil is not present through the 
lunar surface. Therefore, a non-rigid wheel solution is required 
to achieve the targets of low contact pressures. 
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DownlConstraints and Criteria 
Constraints and criteria were derived from the ATHLETE 
requirements and have been interpreted differently for each 
prototyping phase. The constraints and criteria for each 
prototype are listed in (Table 1). These values form the basis for 
failure in that they define the goals of each design. 
 








OD (in.) 19 19 19 19
ID (in.) 17 17 16.5 16.5
Width (in.) 8 9 8 to 9 9
Dynamic Load (kg) 150 150 150 200
Static Load (kg) 300 300 300 300
Mn. Temp (K) 40 40 40 40
Max Temp (K) 400 400 400 400
Mass (kg) <20 kg <20 kg <20 kg <13 kg
Contact Press. (psi) < 10 < 10 < 10 < 5
Mass (kg) minimize minimize minimize minimize
Contact Press. (psi) < 5 < 5 < 5 < 2
Lifespan (km) > 10 > 10 > 10 > 100
Rolling Resistance -- -- -- --
















The most difficult constraint has been the broad 
temperature requirement of 40-400 K. The first iteration of 
prototypes were unable to meet this requirement due to cost 
limits that prevented the use of preferred low temperature 
materials; it has not been until the most recent generations of 
the helical coil and preliminary meta-material designs that 
wheels which could feasibly work in a lunar environment have 
been developed. However, despite this, cryogenic testing has 
not yet been conducted as of this stage of development, but 
testing equipment is currently in development in order to be 
available for the next generation of prototypes. 
 
Implied Criteria 
Additionally, there were several implied criteria. These 
criteria, while never formally written, formed a basis for 
evaluation of designs and played a large role in the design 
process. The implied criteria are listed below. 
 
 Believability – using materials that functioned similar 
to those that would perform in the lunar environment 
 Manufacturability – the ability to construct prototypes 
cheaply and quickly in order to speed development 
 Mechanical Attachments – epoxy does not survive the 
lunar environment and therefore can not be used to 
provide any source of attachment 
 No Reliance on Friction – the designs must be able to 
withstand high thermal gradients and periods of 
extended vibrations; thus eliminating the use of many 
fasteners that rely on friction for attachment 
 No Outgassing – outgassing is the slow release of gas 
from a material when exposed to a vacuum; it can 
obscure optical equipment.  
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Many of these implied requirements were the direct result 
of a review of JPL’s best practice and design guidelines. It was 
these problem definitions that were used to design and 
prototype five distinct solutions in the senior design class. 
Three of these solutions are included in the analysis and review 
of this paper. The next section briefly introduces the course 
structure under which this project was executed. 
 
SENIOR DESIGN COURSE 
Clemson University’s Mechanical Engineering 
Department, much like other engineering departments 
throughout the US, has adopted a capstone design experience in 
the senior year for undergraduates. This experience, typically in 
the last semester, is intended to give students a chance to 
synthesize their undergraduate education in a single extended 
project sponsored by industry. The students work in teams of 
four to six and meet with an advisory committee on a weekly 
basis. The advisory committee typically consists of two faculty 
and one retired engineering manager. Three to five teams work 
in parallel on each project in order to increase the likelihood of 
finding a high quality solution for the industry sponsor. In this 
project, Michelin Tire Corporation paid for the sponsorship fees 
and prototyping fees to maintain ownership of any intellectual 
property developed. Michelin also provided R&D engineers 
who assisted the students by guiding their efforts with first hand 
experience and later providing testing facilities located at 
Michelin America Research Center (MARC) in Greenville, SC. 
This was done in collaboration with NASA’s JPL Robotics 
development team, where the ATHLETE requirements were 
translated into wheel requirements for the student teams. Three 
concepts that were designed, built, and tested in the fifteen 
week course were the basis for patents that were filed by the 
sponsoring company with the student designers listed as 
inventors. In addition to this being a successful student 
engineering experience that demonstrated how to work jointly 
with industry and government, the results of this project has led 
to several long term research funded project, including funding 
from NASA and Michelin. 
The central technology that enabled this project to be 
successful is owned by Michelin and is discussed in the next 
section. This discussion is based on the technical publication 
presented at the 2005 meeting of the Tire Society [4]. 
 
NON-PNEUMATIC WHEEL MECHANICS 
Given the lack of atmosphere on the moon and the wide 
temperature range, a pneumatic wheel, as is ubiquitous in 
personal transportation and industry in terrestrial applications, 
has limited applications in the lunar environment. Therefore, in 
order to obtain low pressure and uniform contact patch a non-
pneumatic design is required. The work of Rhyne and Cron 
develops an synopsis of the basic performance factors affecting 
such a wheel, which relies on stored shear energy to affect 
deformation as opposed to hydrostatic pressure in a pneumatic 
wheel. The paper, “Development of a Non-Pneumatic Wheel”, 
decomposes the wheel into three main components:  a circular 3 Copyright © 2008 by ASME 
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Downloshear beam, inextensible membranes, and deformable spokes. 
In this case the shear beam is surrounded by inextensible 
membranes which restrict the motion of the internal geometry, 
disallowing all motion except shear. Functioning as a top-
loader, the load is distributed from the hub up through the 
spokes to the inner inextensible membrane and into the shear 
beam. The shear beam then carries the load to the ground where 
it deflects to form a smooth contact patch. This pneumatic 
wheel formulation was used as the basis for wheel design 
within this development project (Figure 3). 
 
Figure 3:  The Main Components of the Non-Pneumatic 
Wheel [4] 
 
There are four important properties of a pneumatic tire that 
are replicated in a non-pneumatic wheel:  Uniform Contact 
Pressure, Low Stiffness, High Load Carrying Efficiency, and 
Low Energy Loss from Obstacle Impact. 
 
Uniform Contact Pressure 
Uniform contact pressure can be obtained with such a 
wheel through the use of the shear beam. Furthermore, 
generating the desired behavior is easily manipulated based on 
just a few parameters. For example, the simplified, and 
generally applicable, relationship between the ground pressure 





p   (1) 
 
where:   p is the contact pressure,  
 G is the shear modulus of the elastic beam, and
 R is the outer radius of the beam. 
 
Thus, the ground pressure can be altered to obtain the 
desired ground pressure by varying the shear beam properties. 
This enables the behavior to be easily changed by parameter 
modification; this in turn affords great flexibility and scalability 
in the design. 
In a terrestrial non-pneumatic wheel, the shear modulus of 
rubber becomes the operative design variable. However, given  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Usethat rubber cannot be used in the lunar environment, it is 
necessary to provide an equivalent shear stiffness using other 
materials which can tolerate the environment. This is the 
primary challenge associated with this design project.  
The only materials capable of closely approximating the 
properties of rubber are other elastomers, such as polyurethane, 
and none of them can survive a cryogenic environment. Thus 
the challenge falls to using materials which can survive the 40 
to 400 K temperature range, which includes some, but not all, 
metals, meta-materials, polymers, and textiles. However, the 
increased shear stiffness of these materials over elastomers 
necessitates a different type of shear band which can imitate the 
needed shear modulus. The decision was reached that the best 
method to accomplish this was by using a structural geometry 
in lieu of a solid beam, seen in (Figure 4). The low shear 
modulus configuration can be interpreted as a form of truss, 




            High Shear Modulus    Low Shear Modulus 
 
Figure 4: Shear Beam and Shear Structure 
 
Spoke Deformation 
When the shear beam deflects inwards due to contact with 
the ground, the inextensible membranes must accommodate for 
the increased length over the arc of the load carrying area. This 
increased length is accounted for by an increase in the load 
carrying arc due to a slight expansion of the spokes, and an 
increase in the contact patch length. The vertical stiffness is 
then a function of the spoke stiffness and is independent of the 
contact pressure. This decoupling of design parameters is a 
major component of this non-pneumatic wheel design and 
allows great flexibility in design by fine tuning specific 
performance aspects of the wheel. 
However, despite the fact that the stiffness of the wheel 
and the spoke stiffness is decoupled, the stiffness of the spokes 
can have a significant effect on the contact patch integrity as 
will be seen later. Spoke stiffness is one of the primary factors, 
along with shear beam geometric density, which determines the 
evenness of the contact patch and thus the compliant 
effectiveness of the wheel. Early designs ignored this fact and 
were more concerned with shear band performance and thus 
used only simple spoke configurations, but newer designs 
striving for higher performance and endurance must take this 
into account in order to be successful. Spokes cannot be too 
stiff and they cannot be too soft, and this is a primary challenge 
facing the current design program. 4 Copyright © 2008 by ASME 
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purpose because of its flexibility in compression and relative 
strength in tension. However, at such a low temperature such 
flexibility does not exist in any material and thus very thin 
members must be used to ensure complete lack of compressive 
strength, this ensures a top loading design to be discussed later. 
Thus sheets of fiber are ideal in this role, but at low 
temperatures few of them have proven flexible enough with 
polyester being an exception. There are currently two 
approaches to adding this flexibility seen in (Figure 5). 
 
Flexible Spokes    Flexible Connection 
 
Figure 5: Spoke Stiffness Approaches 
 
A flexible connection can either be added at the hub or 
along the shear beam, and there are several configurations that 
can be used including those cylindrical and coil springs. The 
primary candidate for flexible spokes is currently polyester, but 
there is still doubt as to the cryogenic fatigue and creep 
properties. 
 
High Load Carrying Efficiency 
It is important to note that this non-pneumatic wheel layout 
is a “top-loader” and hence the load is shared by the spokes in 
virtually uniform tension while those directly below the load 
buckle (Figure  6). This allows for greatly reduced load 
supporting structure allowing design to focus on efficiently 
storing the energy of deflection. This affords a high load 
carrying efficiency, which is defined as the amount of load the 
wheel can support per its own weight. This is one of the 
greatest advantages of a non-pneumatic design for space 
exploration, as the cost to launch equipment is very high and 
directly dependent on its weight. Thus a lighter wheel is 




Figure 6:  Loading Configurations for a Wheel 
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When a compliant wheel contacts an obstacle, it is able to 
deform locally around the object and reduce the energy loss as 
a result of traveling over it. This is a benefit inherent in 
deformable wheels. However, in this regard, FEA (finite 
element analysis) results have shown that a non-pneumatic 
wheel following the previously described parameters is capable 
of exceeding the performance of pneumatic tires in this area. 
This means in harsh terrains, such as the moon, such a non-
pneumatic wheel would be more durable than even a pneumatic 
tire. Additionally, it has also been shown that a non-pneumatic 
configuration displaces less terrain due to the soil contact 
mechanics and can thus  function at higher pressures while 
encountering less resistance, making the design more efficient. 
 
THE DESIGNS 
There are several approaches to achieving the pneumatic 
wheel formulation described in the work of Rhyne and Cron, 
but the most important component affecting performance is the 
shear mechanism. Implementations of this shear mechanism 
were the primary focus of all the current designs. While the 
design space of other components were also explored and will 
be evaluated within this report, the various shear mechanisms 
are the defining characteristics of each design. 
 
Design Approach 
Given the focus on shear beam design and performance, all 
of these designs focused on achieving two goals: 
 
1. Appropriate shear stiffness of the shear geometry 
2. Stress at the nominal shear angle resultant of the 
vertical load did not result in failure 
 
The nominal shear angle achieved is a direct result of the 
contact pressure. In order to obtain a specific pressure at a 
constant load, the contact patch must be of a certain area. Given 
a constant shear band thickness, this results in a predetermined 
contact patch length and associated shear angle., see (Figure 7). 
 
Figure 7: Contact Patch - Shear Angle (γ) Correlation [4] 
 
5 Copyright © 2008 by ASME 
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angle. Compressive and tensile stresses occur in the shear 
geometry membranes, while shearing and bending stress occur 
in the geometry itself and any fasteners. Given this insight, 
testing various geometries was simplified by testing smaller 
members which were representative of the overall geometry; a 
diagram can be seen in (Figure 8). These members were tested 
to the maximum shear angle in order to validate various design 
options. All failures were representative of those anticipated in 
a full-scale design due to the shear angle correlation. 
 
 
Figure 8: Diagram of Elemental Test Method 
 
The design space of these test elements can be simplified 
by rearranging equation (1) into equation (2). The shear 
modulus is replaced with an effective shear modulus which is 
resultant of the shear geometry used: 
 
effPR G h             (2) 
 
where:   effG is the effective shear modulus 
 
Pressure (P) and Radius (R) were defined by the design 
constraints, and thus the effective shear modulus and shear 
band height are indicative of wheel performance. However, in 
practicality a 25 mm shear band height proved to be most easily 
prototyped and manufactured thus, given constraints and 
practicality the effective shear modulus is: 
 







    
 
All element test units attempted to match this effective 
shear modulus via the simple test diagramed in (Figure 8) and 
(Figure 9). 
 
Figure 9: Shear Test Detail Diagram 
 
 
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of UsUpon applying a simple pull test indicated by the applied 
load, the effective shear modulus was determined via equation 
(3). 
 




             (3) 
 
Where,   F  is the applied force 
               w  is the width of the test element into the page 
  L  is the length of the test element 
    is the shear angle 
 
This simplified test allowed quick iteration as the only goal 
was to match the desired 
effG  in the elemental test. However, 
given the parameters of the wheel, the design must also be 
capable of withstanding a certain shear angle. This shear angle 
is the result of the contact patch needed for the wheel to reach 
the specified contact pressure. This geometric configuration can 
be seen in (Figure 10). 
 
 
Figure 10: Geometric Reaction of Shear Band 
 
The shear band must be capable of cyclically supporting 
the shear angle. As discussed in Rhyne and Cron [4], this shear 
angle is: 
 




               (4) 
 
Substituting in equation (3) and solving for the shear angle 
in terms of the effective shear modulus, the shear band must 
survive a deflection angle of: 
 




              (5) 
 
This allows a simple method to determine the shear angle, 
and once it was known, the elemental test modules could then 6 Copyright © 2008 by ASME 
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compliance with the stresses which were to be experienced in a 
full prototype. This allowed a full first pass evaluation of the 
capabilities of a given design without resulting to full 
prototyping of various shear geometries. However, as will soon 
be seen it could not predict the behavior of the system as a 





The bristle design utilized a shear mechanism comprised of 
bristle packs attached to two spring steel inextensible 
membranes. The bristles, made of straight steel wire, were first 
assembled into packs by crimping them inside the shell of a 
rivet (Error! Reference source not found.11). The aluminum 
bar with six bristle packs was then fastened to the spring steel 
inextensible membrane with three aluminum rivets. The 




Figure 11: Bristle Pack Configuration 
 
The advantages of this design are a smooth contact patch 
due to shorter spacing between shear elements, and the ability 
to tune the wheel by changing the diameter, length, and density 
of the bristles without conceptually changing the design. The 
downside is the method of attachment between the bristles and 
rivet shell. The bristle packs may fail in tension when the 
friction is reduced due to thermal expansion and contraction in 
the temperature extremes of the lunar environment. This design 
also presented some difficulty in assembly although it was 
easier to assemble than the other designs. A picture of the final 
assembled prototype can be seen in (Figure 12). 
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Figure 12: Completed Bristle Prototype Section  
 
Segmented Cylinder Design 
The next prototype utilized a shear band made of 
segmented cylinders. Originally, a prototype with continuous 
cylinders traveling the entire width of the shear band was 
created. However, upon testing it was determined that the 
cylinders created a “wave-like” contact patch and a segmented 
design was required to even the pressure distribution. The 
cylinders were made by bending pieces of spring steel into 
cylinders and attaching them to the inextensible membranes 
with a bolt and nut. This proved to be an extremely difficult 
process. The shear band is shown with the cylindrical shear 
geometry surrounded by the spring steel inextensible 
membranes in (Figure 13).  
 
 
Figure 13: Segmented Cylinder Shear Band 
 
Among the advantages of the segmented cylinder design 
are an even contact patch and uniform material construction. 
The disadvantages of the design are the stress concentrations 
created by the point attachment of the cylinders to the 
inextensible membrane and a limited geometric density due to 7 Copyright © 2008 by ASME 
 http://www.asme.org/about-asme/terms-of-use
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residual stresses are present in the spring steel cylinders 
because they were rolled into their shape instead of being heat 
treated to keep the cylinder in a stress free state. Also this 
design required a large amount of labor to construct. A picture 
of the final fully assembled prototype is seen in (Figure 14). 
 
 
Figure 14: Segmented Cylinder Final Prototype 
 
Helical Coil Design 
The helical coil design was created with a spring steel 
outer inextensible membrane, an aluminum inner inextensible 
membrane, Kevlar spokes, and a steel wire rope shear 
mechanism. The steel wire rope is wound circumferentially 
between the two membranes and attached with aluminum clips 
to form the shear band. A detail of the shear mechanism is seen 
in (Figure 15). 
 
 
Figure 15: Helical Coil Shear Band 
 
The advantages of the helical coil design are low weight 
and even ground pressure distribution with the ability to  
oaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Usesignificantly overload without generating excessive stress 
within the shear mechanism. Among the disadvantages, the 
difficulty of assembly and stress concentrations in the wire due 
to the method of attachment proved to be most critical. The 




Figure 16: Helical Coil Final Prototype 
 
Second Generation 
Following the first rounds of design and prototyping, a 
second generation was created utilizing the concepts. These 
prototypes focused on advanced materials and space worthiness 
while also attempting to address the problems encountered in 
the first generation of prototypes. Rather than being developed 
by students, these wheels were developed by an international 
design team. The first wheel was primarily developed by 
Michelin and used the segmented cylinder design as a basis to 
develop a preliminary meta-material wheel, while the second 
wheel was mostly developed jointly between NASA JPL and 
Clemson using the helical coil design as a starting point and 
adapting it for space worthiness and mass efficiency. 
 
Helical Coil Second Generation 
This design expanded upon the helical coil concept by 
addressing the previous failures, utilizing space-worthy 
materials, and enhancing performance characteristics as can be 
seen in the constraints and criteria of Table 1. Near-Alpha 
titanium alloy was utilized for the inextensible membranes, 
while 304 stainless steel made up the shear geometry. 
Furthermore, the helical coils are now attached via smooth, 
crimped aluminum alloy sleeves and the spokes are made of 
Beta-cloth, a space-worthy fabric of fiber glass and Teflon. All 
components of this wheel are space-worth with the exception of 
the rivets used to mechanically attach the aluminum sleeves to 
the inextensible membranes and thus this design is the closest 8 Copyright © 2008 by ASME 
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Downloof the prototypes to meeting all the design requirements. The 
final prototype can be seen in (Figure 17). 
 
 
Figure 17: Second Generation Helical Coil 
 
The advantages of this design are that it already meets 
many of the design requirements necessary to implement it and 
its segmented outer membrane allows it to more easily absorb 
point impacts while reducing the chance of a single debilitating 
failure along the outer membrane. Also, the flexibility of the 
helical coil configuration allows the design to cycle thermally 
without inducing excess stress in the shear geometry, though 
thermal cycling of stainless steal has since been determined to 
be a problem; this is despite the use of varying materials for the 
shear band. However, a disadvantage is that the external 
membrane is susceptible to impacts and could more readily 
fatigue under normal cycling; this compounds with the fact that 
titanium used for the membranes can wear significantly at 
cryogenic temperatures, especially in an abrasive lunar 
environment. Furthermore, in addressing the failures 
encountered in previous wheels the connecting liaisons between 
the membranes and the shear mechanism were made more 
robust which added some additional weight to the design, 




Static testing was performed by each of the groups to 
obtain static load capacity up to 300 kg, and contact patch 
results. All of the prototypes successfully completed this testing 
without failure. Next, the prototypes were sent to Michelin and 
tested on a road wheel apparatus commonly used to test road 
tires. The wheels were installed and subjected to a constant load 
of 200 kg while the 2-meter diameter road wheel spun at a  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Useconstant speed of 10 km/hour. A picture of the bristle design 




Figure 18: Dynamic Testing 
 
It is important to note that the testing was performed at the 
lower extremes of the platform’s ability to control. Also, it was 
difficult to determine when failure actually occurred as the 
wheel was spinning at 10 km/hour. Generally, when there was a 
noticeable change in the noise or visual profile, testing was 
stopped. All three of the student developed wheels failed in 
dynamic testing on the road wheel, while the JPL helical coil 
failed while testing on ATHLETE. 
 
THE FAILURES  
 
Bristle Design  
The bristle design performed the best of the student 
prototypes during dynamic testing. It lasted over 10 km on the 
smooth road wheel under full load, only failing when obstacle 
testing was performed by introducing a 10 mm cleat to the road 
wheel. This cleat was installed and the road wheel continued 
testing at 10 km/h. Failure occurred relatively quickly after the 
cleat was introduced. A picture demonstrating the bristle 
failures is shown in (Figure 19). 
 
9 Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downl 
Figure 19: Bristle Design Failures 
 
Due to the impacts of the cleat, the inner inextensible 
membrane broke away from the bristle packs over the entire 
width of the shear band. In most cases this occurred because the 
aluminum connecting pieces split into multiple pieces, but in 
two cases the bristle sets were separated from the inextensible 
membrane due to the failure of the rivets used for attachment. It 
is important to note that the bristles did not fail at the 
attachment between the rivet shell and bristle, but rather the 
attachment to the inextensible membrane from the aluminum 
bar. This shows that the bristle attachment is sufficient while 
the strength of the rivets and connecting bar must be increased 
or replaced with another attachment method. It is also 
noteworthy that all failures occurred at the inner inextensible 
membrane connection. This is expected as FEA analysis has 
shown that the greatest stresses occur along the inner 
membrane at the edge of the contact patch during deflection. 
This can be seen in the simplified stressed FEA model 
presented in (Figure 20). 
 
 
Figure 20: Simplified FEA Bristle Wheel Stress Distribution 
 
This explains the failure along the inner membrane and at 
the connections, as these are the weakest components of any 
design. It also suggests that extra reinforcement or a better 
connection method may be needed in this region of any given 
non-pneumatic wheel following this template. 
 
Segmented Cylinders 
The segmented cylinder design experienced a catastrophic 
failure during dynamic testing at a distance of less than 5 km.  
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First, the cylinders elongated in shear to form a high bending 
stress at both the top and bottom where attachment to the inner 
and outer membrane is located. This caused the failure of the 
spring steel cylinders due to fatigue in bending. Secondly, the 
cylinders experienced a high tension in bending on the bolts 
that were used to attach the cylinders to the inextensible 
membranes. Many of these bolts were missing and it is 
presumed that they were stripped during testing. (Figure 21) is 
a picture of the shear band failure. It is possible that the failure 
of the bolts resulted in concentrated stress at a few cylinders 
which caused failure due to abnormally high bending stresses. 
However, the catastrophic nature of the failures, which were not 
consistently located at the joints, indicates that the pre-
tensioning of the cylinders played a significant role. These 
factors point to poor assembly choices being the primary cause 
of this wheels failure. 
 
 
Figure 21: Segmented Cylinder Failures 
 
Furthermore, in this design it is apparent that the inner 
membrane is distinctly bulged where the contact patch would 
have been. This phenomenon is the result of compression in the 
contact patch area which results from the independence 
between contact pressures and spoke deflection. Essentially, if 
the spokes are too stiff then the compression will induce the 
bowing seen in the contact patch. This is demonstrated using 
FEA in (Figure 22). 
 




The helical coil design was tested and it suffered multiple 
failures due to the ductile failure of the inner, aluminum 
inextensible membrane. The inner membrane broke in more 
than twenty locations around the circumference and completely 
across the width in many instances. An example of these breaks 
in the membrane is seen in (Figure 23). 
 
 
Figure 23: Helical Coil Inner IM Failures 
 
Also, the wire rope failed in two different ways. First, the 
attachment to the membranes with aluminum strips created a 
stress concentration at the edges of the plate and cut the wire as 
it repeatedly bent in shear. Furthermore, the wires frayed and 
broke due to the small radius of curvature required while the 
shear membrane was in compression at the bottom of the 
wheel. This failure occurred in eight different places around the 
prototype. Next, the aluminum clips used to fix the wire to the 
inextensible membrane created a stress concentration at the 
edge of contact, which caused the wire rope to be cut in three 




Figure 24: Helical Coil Wire Bending Failure (left) and 
Crimping Stress Concentration Failure (right) 
 
The failure of this design was the result of several 
dependent failures: stress along the inner membrane, stress 
concentrations at joining interfaces, and wear caused by  
oaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use:geometry interference. In order to build a successful wheel, it is 
especially important to address the first two factors but the third 
factor is in general specific to this wheel. 
 
Helical Coil Second Generation 
The second generation of the helical coil did not undergo 
cyclical testing on a road wheel. By this stage of the design 
process, enough was known to be certain that the configuration 
would perform well in a cycling test. Therefore, the wheel was 
immediately subjected to real world testing on the ATHLETE. 
The wheel in its loaded configuration is seen in (Figure 25). 
 
 
Figure 25: Loaded 2
nd
 Gen. Helical Coil 
 
This wheel was capable of maintaining a large and uniform 
contact patch as well as travel over significant objects with 
relative ease. However, the bulge which is indicative of high 
spoke stiffness is clearly evident, though it appears to initially 
have no detrimental affect on the performance. It is noteworthy 
that in this design, all connecting members were over-designed 
in order to ensure they would fail and thus that left the 
inextensible membranes as the weak link in the design. Given 
normally smooth surface deflection they would theoretically 
have lasted over 100km, however traveling over small objects 
caused plastic deformation which led to failure while rolling 
and supporting the ATHLETE. The failed state of the wheel is 
seen in (Figure 26). 
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Figure 26: Failed 2
nd
 Gen. Helical Coil 
 
The plastic deformation caused by traveling over small 
obstacles and the additional compression caused by the stiff 
spokes caused the collapse of the shear band. This is the first 
example of a plastic failure experienced in any of the 
prototypes and the principles by which it failed are well 
understood, i.e. high compression caused by stiff spokes and 
plastic deformation rolling over obstacles. 
 
Summary of Failures 
Upon completion of all testing, the failures were 
summarized in (Table 2). This table counts all the various 
failures and their general locations in the various prototypes to 
attempt to develop a pattern as to where the failures lie. This 
will in turn help develop a general approach to eliminating 
those failures in future prototypes. 
 











Inner IM 2 1 3
Outer IM 1 1
Shear Mechanism 1 16 6 23
Liaison Inner IM 10 3 22 35
Liaison Outer IM -
Spokes 1 1 2
Spoke Attachment 1 2 1 4  
 
The liaison between the shear mechanism and the inner 
inextensible membrane has been determined to be the design 
element which is most prone to failure. In the bristle, helical 
coil, and segmented cylinder designs this failure was most 
highly represented and it quickly led to complete failure of the 
system. Most wheels also had significant failures in the outer 
liaison connections; this indicates that it is the connections 
themselves which are difficult to design and the fact that failure 
normally occurred on the inner membrane is due to the stress 
concentration in that location as seen in (Figure 20). The mode  
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of the shear geometry, was due to a critical design flaw and 
occurs before the liaison connections have the opportunity to 
fail. Thus, this failure mode will normally occur first or not at 
all in a given design, and it is more difficult to ascertain other 
design shortcomings when this flaw is present. The only failure 
which is subsidiary to shear geometry collapse is spoke failure; 
however, no prototypes encountered this failure mode in such a 
manner as to evaluate its effects. The spoke failure in the 
helical coil and segmented cylinder both occurred as a result of 
the failure of the system during dynamic testing. The least 
likely failures to occur are those originating in the inextensible 
membranes. These failures never had the opportunity to occur 
in many of the prototypes, but they were present in the second 
generation helical coil whose design ensured that the other 
failures did not occur. These observations can be used to 
develop a diagram of the possible failure paths, see (Figure 27). 
 
 
Figure 27: Simplified Failure Path for Non-Pneumatic 
Wheel 
 
All failures experienced short of the inextensible 
membrane failure in the second generation helical coil are the 
result of design shortcomings and in no way relate to the 
failures which can be expected in the standard dynamic 
operation in such a non-pneumatic wheel. The failures have not 
been the result of mechanical limitations. However, the plastic 
inextensible membrane failure in the helical coil is the first 
example of an operational design failure resultant of the system 
dynamics. Thus the solution to this most recent failure will be a 
more involved work around in order to accommodate the 
inherent mechanical limitations of bending in the inextensible 
membranes. These mechanical aspects limit the fatigue life of 
the membranes and make them susceptible to plastic bending 
when rolling over obstacles. 
It is also important to note that with approximately 650 
cycles per kilometer traveled, many of the failures occurred in 
the low end of high cycle fatigue. However, performance will 
be expected to approach that of limitless high cycle fatigue, on 
the order of 10
7
 cycles. Currently, it is difficult to say which 
failure modes will be relevant in that lifetime, because thus far 
the inextensible membranes have been the limiting factor. In 
order to test other fatigue limits, first the inextensible 
membrane must be redesigned in such a way that reduces stress 




The lessons learned from this failure analysis illuminate 
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non-pneumatic components is imperative for robust wheel 
design. This is necessary to support the cyclic shear 
deformation of +/-  (design goal 2). However, it has also 
become apparent that by solving this problem that system 
weight can easily grow out of hand. Thus an efficient and 
effective connection method of the shear geometry to the 
membranes remains a primary design challenge. Current 
approaches are focusing on integral meta-material attachments 
and permanent welding or inter-locking arrangements. Until 
such a design is created and validated, prototypes shall rely on 
heavier but robust connection options in order to test the fatigue 
limits of the wheel designs. 
Regarding the fatigue limits of the wheel designs, at this 
point it is only apparent that the inextensible membranes will 
be subject to failure. Therefore, in order to conduct meaningful 
testing of wheels in high-cycle fatigue conditions, the 
membranes must be redesigned or implemented differently so 
that they can perform in such conditions. It is only in this way 
that other, new limitations of the wheel designs can be 
encountered through empirical prototype testing. Assuming 
such a workaround can be designed, it is also important to 
evaluate the current designs to determine which has the most 
potential. 
Of the initial student designed wheels, the bristle design 
was the most effective. This could have been related to 
conceptual simplicity rather than superiority. With regards to 
mass and loading efficiency, the segmented cylinder design 
approaches the ideal loading layout which should resemble a 
truss. With regards to how well the designs handle stress, the 
shear geometry of the helical coil design actually experiences 
the lowest degree of stress. Therefore, each has its own 
advantages and there is no clearly superior design. Thus far 
both the helical coil and segmented cylinder have seen second 
generation iterations, proving successful in both simple 
mechanical cycling and to a lesser extent application on the 
ATHLETE rover. The bristle design is also currently in its 
second generation build, and expects to see both cyclic and real 
world testing on the ATHLETE. 
 
PATH FORWARD 
The design has been conceptually validated and the 
primary hindrances to achieving the constraints and criteria 
have been identified. The immediate goals for the near future 
are: 
 
 Resolve fatigue issues of inextensible membranes 
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 Develop spokes so that stiffness can be easily tuned 
 Develop wheel specific prototyping capabilities to 
increase rate of development 
 Begin cryogenic testing at component and system 
level 
 3rd Generation Prototypes 
 
As can be seen, the primary goals for the near future are to 
resolve fatigue issues in the membranes while developing a 
clear path to cryogenic validation of concepts. This puts into 
place the infrastructure which will be necessary to continue 
with the long term goal of developing a high-cycle cryogenic 
wheel and accompanying test equipment to validate its design. 
To achieve these goals a set of intermediate goals are also in 
place: 
 
 Maximize loading efficiency by adapting designs to 
incorporate meta-materials 
 Perform component cryogenic tests to determine 
fatigue and wear characteristics 
 Iterate through several more generations to converge 
on a superior design and implementation 
 
The final goal is to develop and validate a lunar capable 
wheel, and this will be best accomplished through iterative 
prototyping, analytical modeling, and rigorous testing. 
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